Objective : Detection of focal non-hemorrhagic lesion (NHL) has become more efficient in diffuse axonal injury (DAI) patients using an MRI. The aims of this study are to find out the radiological distribution, progress of NHL and its clinical significance. Methods : Between September 2005 and October 2011, 32 individuals with NHLs on brain MRI were enrolled. NHLs were classified by brain location into 4 major districts and 13 detailed locations including cortical and subcortical, corpus callosum, deep nuclei and adjacent area, and brainstem. The severity of NHL was scored from grades 1 to 4, according to the number of districts involved. Fourteen patients with NHL were available for MRI follow-up and an investigation of the changes was conducted. Results : Thirty-two patients had 59 NHLs. The most common district of NHL was cortical and subcortical area; 15 patients had 20 NHSs. However the most common specific location was the splenium of the corpus callosum; 14 patients had 14 lesions. The more lesions patients had, the lower the GCS, however, this was not a statistically meaningful difference. On follow-up MRI in 14 patients, out of 24 lesions, 13 NHLs resolved, 5 showed cystic change, and 6 showed atrophic changes. Conclusion : NHLs were located most commonly in the splenium and occur frequently in the thalamus and the mesial temporal lobe. Because most NHS occur concomitantly with hemorrhagic lesions, it was difficult to determine their effects on prognosis. Since most NHLs resolve completely, they are probably less significant to prognosis than hemorrhagic lesions.
As a result of recent developments in radiological techniques and widespread use of magnetic resonance imaging (MRI) in traumatic brain injury (TBI) patients, detection of focal nonhemorrhagic lesions (NHL) has become more efficient, as compared to previous X-ray or computer tomography (CT). NHLs after head trauma have been noticed as a form of DAI 8, 13) . But, the lesions were not clearly defined compared to the hemorrhagic lesions. Until now, there were several fragmentary mentions about NHL. Gentry et al. 8) defines NHL as a lesion which cannot be found by CT but can found by MRI, and Topal et al. 28 ) defines NHL as a lesion which cannot be found by gradient echo (GRE) sequence MRI but can found by diffusion-weight (DW) sequence MRI. NHL has sometimes been described as traumatic white matter damage, shear injury DAI with its most pathological findings as retraction ball, delayed axotomy and cytoskeletal
IntroductIon
Diffuse axonal injury (DAI) is commonly induced by sudden acceleration-deceleration or rotational forces and the subsequent tissue injury is characterized by axonal stretching, disruption and eventual separation of nerve fibers 2, 3, 6, 21, 25) . The anatomical sites commonly affected are corticomedullary junctions, located in frontal and temporal regions as well as the corpus callosum, upper brainstem, and deep gray matter 1, 3) . Three grades of DAI have been described by Adams et al. 3) based on their neuropathological studies : Grade 1 DAI denotes widespread, microscopic axonal damage in any location; in Grade 2 DAI there are additional focal abnormalities in the corpus callosum; and in Grade 3 DAI, focal lesions in the rostral brainstem are also found.
Locations and Clinical Significance of Non-Hemorrhagic Brain Lesions in Diffuse Axonal Injuries peduncle.
The severity of NHL was graded from 1 to 4, according to the number of districts involved. If limited to one district, regardless of the number of NHL, it was assigned as Grade 1. The same system was applied for Grades 2 and 3. Grade 4 indicates that NHLs were present in all 4 districts. We investigated the relativity of the grading of NHL to the Glasgow coma scale score (GCS) of the patient upon admission, and the prognosis as calculated by the Glasgow outcome scale score (GOS) system.
We also investigated hemorrhagic lesions accompanying the NHL. The presence of traumatic subarachnoid hemorrhage (T-SAH), intraventricular hemorrhage (IVH) and the location of hemorrhagic contusion (H-contusion) were taken into consideration while subdural hematoma and epidural hematoma were excluded because they are extra-axial lesions.
Fourteen patients with NHL were available for MRI followup and investigations of the changes in the original NHLs were conducted. The initial evaluation of patients included sex, age, type of trauma, and GCS score upon admission. The prognosis was recorded by GOS taken during the last visit to the hospital, and GOS analyses of patients who were not available for inhospital follow-up were conducted by telephone.
reSultS

Patient characteristics
From September 2005 to October 2011, 59 NHLs were found in 32 patients who underwent post-injury (average 12 days, range 1-78 days) brain MRIs. The average age of the patients was 34.2 (range 6-75 years); 26 patients were male and 6 patients were female. The cause of trauma for 19 patients was car, motorbike or bike accidents and the rest were falls and fighting injuries. Fifteen patients had initial GCS scores of 7 or lower due to severe head injury, and 17 had scores greater than 8. Fifteen patients showed "good recovery", 4 patients "moderate disability", 8 patients "severe disability", 5 patients vegetative states, and there were no deaths (Table 1) .
Distribution and locations of NHLs
When looking at the distribution of NHL, the cortical and subcortical areas had 20 lesions in 15 patients, the corpus callosum area 14 lesions in 14 patients (Fig. 1) , the deep nuclei and adjacent area 12 lesions in 10 patients (Fig. 2, 3) , and the brain stem area 13 lesions in 12 patients (Fig. 4) . The most common location for single lesions was the splenium of the corpus callosum, with 13 lesions, and cortical and hippocampal or parahippocampal gyral lesions followed with 8 each (Table 2). All of the internal capsular lesions were located in the posterior limb. Brainstem lesions were more common in the ventral area (n=7) than the dorsal area (n=3). One lesion occupied almost the entire lateral half (dorso-ventral) of the given axial view of the pons. Two lesions were found in the middle cerebellar peduncle. disruption 4, 20, 21, 26) . However, the distribution, evolution and developmental mechanism of NHL are not well known and there have been no detailed studies.
The aims of this study are to find out the radiological distribution, progress of NHL and its clinical significance.
MAterIAlS And MethodS
Between September 2005 and October 2011, 32 patients aged 6 to 75 years with moderate to severe TBI with NHL on brain MRI were enrolled. Brain MRI was carried out 1 to 78 days (average 12 days) after trauma, and included T1, T2, T2 flair axial images, susceptibility weighted imaging (SWI), T1 sagittal and T2 coronal images. MRI was performed using a 3. Imaging analysis -the definition, classification, and grading of NHL
Inclusion criteria
NHL is defined as demonstration of low signal at T1, and hyperintense signal change at T2 and T2 flair image but without hypointense signal change at SWI, which is most sensitive for hemorrhages 10, 27) .
Exclusion criteria
Peri-lesional edema due to hemorrhagic lesion was excluded, as well as old lacunae infarction or degenerative white matter lesions thought to be present before the trauma.
These NHLs in our patient sample were classified by location into 4 major districts and 13 detail locations including cortical and subcortical, corpus callosum, deep nuclei and adjacent area and brainstem. Cortical and subcortical were further divided into cortical, mesial temporal (hippocampus or parahippocampal gyrus), and subcortical. Lesions in the corpus callosum were divided into splenium, splenium and body. There were no lesions of the rostrum or genu of the corpus callosum. The deep nuclei and adjacent area included internal capsule, thalamus, basal ganglia and cerebellum, and the brainstem were divided into ventral, dorsal, dorso-ventral, and cerebellar diffuse damage to white matter of immediate impact type, diffuse white matter shearing injury or inner cerebral trauma 4, 9, 20, 26, 30) . Adams et al.
3) questioned whether focal damage could occur in the brain stem as a result of a head injury as an isolated event and have suggested by themselves DAI was a clinical syndrome of primary brain injury and classified it as three grades based on involved locations. Their study was a histopathological result of 434 cases of non-missle head injuries and as they mentioned this study has limitations in that DAI might have been obscured by other type of contusions and hematomas or brain damage secondary to increased intracranial pressure, hypoxia or infarctions and in that their study was performed in forensic work, the identification and definition of less severe forms of DAI was not fully performed. There needs a brief review of their reports to clarify the difference with our study. According to their reports, the focal lesions in the corpus callosum were Severity of NHL Grades 1, 2, 3 and 4 included 17, 12, 2 and 1 patients, respectively. The higher the grade of NHL, the lower the GCS, however, this was not a statistically meaningful difference. GOS was worst in the NHL grade 3 group but NHL grade was not correlated with GOS (Table 3 ).
The distribution of hemorrhagic lesions accompanying NHLs
Out of 32 patients with NHL, all but one had hemorrhagic lesions. There were a total of 124 hemorrhagic lesions, which is much greater than the number of NHLs. Twenty-seven patients had T-SAH. Fifteen patients had IVH. H-contusions in subcortical area were noted in 30 patients, in the thalamus or deep nuclei in 16 patients, in the brainstem in 15 patients and in the cerebellum in 7 patients (Table 4) .
Evolution of NHL
Twenty-four NHLs in 14 patients were available for MRI follow-up. Thirteen of the 24 NHLs disappeared with no traces (Fig. 2) , 5 showed cystic changes (Fig. 5) , and 6 showed atrophy (Fig. 6) (Table 5) .
dIScuSSIon DAI was referred to by several names such as shearing injury, Fig. 1 . A non-hemorrhagic lesion of the corpus callosum. A 21-year-old male was admitted due to a bicycle accident. Upon admission his Glasgow coma scale score was 6 points. MRI shows a nonhemorrhagic lesion (arrows) at the splenium of the corpus callosum. Non-hemorrhagic lesions show high signal intensity at T2W1 (A) and FLAIR (B), but dark signals cannot be seen on SWI (C).
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typically hemorrhagic and tended to lie to one side of the midline, occurred most frequently in the inferior part of the corpus callosum and occasionally restricted to the splenium. The brain stem lesions were in the dorsolateral quadrants of the rostral brain stem. They also noticed that there were some lesions with no hemorrhage and those lesions were histological evidence of vacuolation and rarefaction of the affected tissue 3) . NHLs have been identified and noticed in several literatures but not clearly defined. Topal et al. 28) reported 5 cases of DAIs who had had mild head injury of GCS score between 13 and 15. They indicated one of the 5 cases had a lesion showing hyperintense on FLAIR and DW image but no signal change on GRE image and defined the lesion as 'nonhemorrhagic' . Gentry et al. 8) described that acute callosal lesions were commonly nonhemorrhagic in nature on MRI features because 21 of 31 cases (67.7%) showed nonhemorrhagic nature. However, these cases seemed to include the edema surrounding the hemorrhagic lesion in that they mentioned as 'Usually, large nonhemorrhagic zones of injury surrounded the foci of blood' . The same authors reported brain stem injuries as well but just mentioned as NHLs are more detectable on T2-weighted MRI than T1-weighted MRI or CT 7) .
Location and injury mechanism
The greatest number of NHLs in our study was found in the most exterior part of brain, the cortical and subcortical areas. When looking at a subdivided category, however, the most common area was the splenium of the corpus callosum, in which 13 of 59 lesions were found. This distribution may be caused by traumatic laceration by the free edge of the falx 20) . However, this explanation is not feasible except for a small number of cases 11, 12, 15, 16) . Lindenberg et al. [15] [16] [17] stated that shear-strain forces and direct blows to the vertex of the head, specifically the superior level of the corpus callosum, result in traumatic lacerations. One explanation gaining prominence is that shear-strain deformation is an essential element of such injuries. Gennarelli et al. 6) performed an important series of primate experiments and demonstrated that nonimpact rotational acceleration of the head in the lateral, or oblique-lateral directions uniformly produces traumatic corpus callosum injury. Although the falx does not play a direct role in corpus callosum injuries, it may play an indirect role 8) . Shear-strain forces do not develop between tissues of the same density if they are free to move as a unit. When some portions of the accelerating and rotating brain lag behind the faster adjacent moving areas, shear strains develop between the tissues. This can easily occur in the callosal region because the bulky and independently mobile cerebral hemispheres are connected by the less mobile corpus callosum. The rigid falx prevents the cerebral hemispheres from moving across the midline. Shear strains, therefore, develop across the connecting point (corpus callosum) of the two hemispheres 8) . Five NHLs were found in the posterior limb of the internal capsule. The corticospinal, corticobulbar, and corticorubral tracts pass through the posterior limb of the internal capsule, pathways that may be prone to deformation by shear strain force because their vertical paths are long.
There are also numerous lesions in the thalamus, basal ganglia, cerebellum, and the medial temporal lobe including the hippocampus and parahippocampal gyrus. These portions are thought to be underestimated with hemorrhagic lesions. The injury mechanism is also to be solved issue.
The brainstem lesions are more common in the ventral portion rather than the dorsolateral area. The especially high prevalence of lesions at the crus cerebri of the midbrain is thought to be due to shear injury to the long tract that descends from the posterior limb of the internal capsule. This result differs from Adams diffuse axonal injury classification in terms of location. The mechanism of the injury to the dorsolateral aspect was explained that the area may contact the free edge of the tentorium at the tentorial incisura 7, 13) . However, the tentorial incisura is actually in relation to the midbrain. Anteriorly the incisura extends above the optic chiasm to the lamina terminalis, the middle incisural space is located between the midbrain and tentorial edge and posterior incisural space is located the posterior midbrain and encompasses the quadrigeminal cistern 24) . Our study includes two cases of cerebellar peduncular lesions where cere- 
Clinical significance
When examining GCS upon admission and GOS, Grades 1 and 2 were similar in terms of GCS but Grades 3 and 4 had lower scores. However, this was not a statistically meaningful difference. GOS did not show much of a difference. As observed during the follow-up of 14 patients, NHLs have a 50% probability of disappearing completely on MRI, suggesting that NHLs are less detrimental to neurologic state than hemorrhagic lesions. Furthermore, as the effect of hemorrhagic lesions on neurologic state is severe, it seems inappropriate to examine only the severity of NHL lesions. When examining changes that occurred in the 24 NHL lesions in 14 patients with MRI follow-up, more than half of the patients showed complete resolution, which indicates that NHL predicts good prognosis or has less of an effect on prognosis. In the other patients, 5 showed cystic change, and 6 showed atrophic changes. It is likely that the NHLs in these patients did not resolve and that delayed axotomy progressed and resulted in deformation 18, 19, 22, 23) . Potential limitations of our study include small sample size and lack of histologic confirmation of the findings. Furthermore, initial and last follow-up MRI period after trauma is not uniform. It can cause errors in analyzing images because lesions change over time. For detecting NHLs, DW images can be helpful 5, 13, 14, 29) .
concluSIon
NHLs that are clearly visualized on brain MRI are less well known than hemorrhagic lesions. We found that NHLs occur mostly in the splenium of the corpus callosum and also occur 
